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The regulation of cerebrospinal fluid pH
Bo K. SIESJO
Brain Research Laboratory, University Hospital of Lund, Lund, Sweden
The past ten years have witnessed an increasing interest
in the regulation of the cerebrospinal fluid (CSF) pH. Part
of this interest stems from the fact that the extracellular
fluid (ECF) pH in the brain serves as an important regulator
of pulmonary ventilation [1—4] and a major determinant
of cerebral blood flow [5—10]. Furthermore, since the CSF
pH has been shown to be subject to a considerable degree
of homeostatic control in a variety of conditions which
change the acid-base status of blood, many attempts have
been made to unravel the physiological mechanisms which
are responsible for this control [2, 3, 11, 121. Finally, since
the acid-base metabolism of the cerebral compartments
(including the ECF) may influence cerebral function to a
significant degree [13, 14], the CSF pH and the mechanisms
which regulate it have become of concern to neurologists
and neurosurgeons.
Available evidence shows beyond doubt that there are
efficient mechanisms which guard the constancy of the
CSF pH in non-respiratory and, to some extent, in respira-
tory acid-base disturbances as well. However, the changes
in CSF pH are often so small that controversy exists as to
their directional change in non-respiratory acidosis and
alkalosis. Moreover, despite many efforts to define the
regulatory mechanisms, they still remain largely unknown.
In the following review, we will therefore try to distinguish
between established fact and unproven hypothesis; the
different possible regulatory mechanisms will be described
and examined without any serious attempt to establish
their quantitative importance.
Acid-base characteristics of CSF
The CSF (and the ECF within the brain) is a bicarbonate-
containing fluid with an almost negligible concentration of
protein or other non-bicarbonate buffers such as phos-
phates [15]. From an acid-base point of view it therefore
behaves as a 0.025 M solution of sodium bicarbonate made
up to an ionic strength of 0.160 with sodium chloride. In
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any such solution the acid-base relations are given by the
following equations [16]:
P02• S K'1 = [H+] [HCO]
[HCO] K = [H+] [COg]
(1)
(2)
Tco2 [H2C03] + [C02] + [HCO] + [COg] (3)
where K'1 and K are the first and second apparent ioni-
zation constants of carbonic acid, S is a solubility factor and
T02 is the total acid-labile CO2. We may also write the
equation for electrical neutrality, denoting all non-buffer
cations such as Na+, K+ Mg++ and Ca as [Cat+], and all
non-buffer anions such as Cl as [An—]; thus, neglecting
the ionization of water:
[Cat] —[An]= [HCO] + 2 [COg]. (4)
The expression ([Cat+J — [An—]) is equal to the buffer base
concentration (BB), and after substitution we obtain
/ 2K\
EBB]=-9-H÷] [H] ) (5)
From this equation we see that any change in the buffer
base concentration, caused by the addition of strong acid or
strong base, will cause a corresponding change in the sum
[HCO] + 2 [CO;]. However, since K is close to 9.8, only
a small fraction of this sum will be made up of carbonate at
physiological pH values, and for most practical applications
we may write
S .
[BBI = [HCO;]= [Hf] (6)
In other words, changes in the HCO; concnentration may
be regarded as being equal to the buffer base changes, and
equation (6) is sufficiently accurate for calculations of CSF
acid-base changes even if the HCO; concentration is cal-
culated as the difference between the total CO2 content and
the amount of dissolved CO2. However, K varies somewhat
with pH, and for accurate calculations this variation should
be taken into account (see below).
Both the solubility factor (S) and K in CSF are slightly
higher than in blood plasma [1 7—201. Mitchell, Herbert, and
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Table 1. Values of S (mmoles/liter mm Hg) and pK in CSP'
Temp.
Co
S pK'1 at pH
—
7.67.0 7.1 7.2 7.3 7.4 7.5
35 0.0333 6.149 6.148 6.144 6.139 6.133 6.125 6.118
36 0.0325 6.146 6.144 6.141 6.136 6.130 6.123 6.116
37 0.0318 6.143 6.141 6.138 6.133 6.128 6.121 6.114
38 0.0312 6.140 6.138 6.135 6.130 6.125 6.119 6.112
39 0.0306 6.137 6.135 6.132 6.127 6.123 6.117 6.110
a Data from Mitchell et at (21).
Carman [211 have determined S as a function of temperature,
and pK as a function of temperature and pH. Table 1
gives the values for the two constants at or near normal
body temperatures and CSF pH values. At a temperature
of 37°C and a CSF pH of 7.33, S is thus 0.03 18 mmoles/
literS mm Hg and pK is 6.131. These constants may be used
to convert measured values for To2 and pH into [HCO]
and P.02, or measured values of pH and P02 into [HCO].
However, full correspondence will be obtained only if the
measured pH values have been referred to the buffer so-
lutions of the National Bureau of Standards [21, 221.
It is a property of solutions that contain no non-bicar-
bonate buffer systems that the HCO concentration does
not vary significantly when the P02 is altered invitro
[23, 24]. Due to its bicarbonate content, the CSF is reason-
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Fig. 1. Schematic diagram showing the changes in CSF pH with
Variation of the CSF HCO concentration at constant CO2
tension. The normal CSF pH was assumed to be 7.337 at a
Pco2 of 45 mm Hg and a HCO concentration of 23 mEq/liter
(closed circle). The arrows show the absolute Pro, values which
would give a normal pH at any given [HCO1.
ably well buffered against non-respiratory acid-base changes
but poorly buffered against changes of CO2. The variation
in pH with the CO2 tension can be expressed by the equation
d log Pco2
—flco2= d pH — — 1.06 (7)
[21, 25]. Blood in vitro gives a flo2 value of —1.6 and the
buffer capacity of CSF against CO2 is thus much lower than
that of blood [11, 24].
Fig. 1 shows the pH changes that occur in the CSF when
the HCO concentration is varied at a constant P.02. The
normal values were assumed to be a P02 of 45 mm Hg, a
[HCO3] of 23 mEq/liter, and a pH of 7.337. The figure
shows the pH changes that will occur as the [HCO]
changes within a range of 10 mEq/liter. Also shown are
the absolute P02 values which would give a normal pH
at any given [HCO]. Fig. I emphasizes the fact that even
relatively marked changes in [HCO] may be compensated
by physiologically attainab'e changes of P.02.
Fig. 2 shows the variation of the CSF pH with CO2
tension at a constant [HCO], as well as the HCO
concentrations which will compensate Pc02 increases or
decreases of 5, 15, and 25 mm Hg, respectively. If a primary
change in CO2 tension is compensated by changes in
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Fig. 2. The variation of CSF pH with the CO2 tension at constant
HCO concentration (c.f., Fig. I). The arrows show the absolute
HCO concentration at which any given Pco, would give a
normal pH.
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[HCO], it follows from the buffer characteristics of the
CSF that changes of [HCO] must be due to an exchange
of HCO (or H) between CSF and either blood or tissue.
Acid-base composition of CSF and ECF
It was recognized about ten years ago that lumbar or
cisternal CSF has a higher CO2 tension and a lower pH
than arterial plasma [23, 26—30]. Later measurements have
confirmed these findings amply. As shown in Table 2, the
CO2 tension of CSF has been found to be 4 to 11 mm Hg
higher than the P02 of arterial blood, and the pH of CSF
has been found to be 0.02 to 0.10 units lower than that of
arterial plasma. The difference between the highest and
lowest measurements of mean CSF pH is only 0.04 units.
This may superficially seem to be a small variation but,
in fact, the difference is relatively large when it is realized
that the sensitivity of the central chemoreceptors is so high
that ventilation increases from 3 to 30 liters/mm for a
change in CSF pH of only 0.05 units [10]. There are several
factors which contribute to the quantitative uncertainty of
some of the published pH values. Thus, it has been repeat-
edly pointed out that it is difficult to measure CSF pH
accurately [3], and some of the recorded differences may
also be due to the fact that different pH standards have been
used. Since in most published reports, the CO2 tensions
have been calculated from T02 and pH, variations in the
S and pK values that were used may be responsible for
part of the reported differences in CSF CO2 tensions. Three
groups of workers have devoted a considerable effort to
methodological problems in that they have used their me-
thods to derive pK'1 and S for natural or artificial CSF
[21, 25, 31, 32]. Since they have also studied relatively large
groups of normal individuals, we may use their values to
derive what appears to be the correct acid-base values of
lumbar or cisternal CSF (Table 3). From these values we
may deduce that the pH of lumbar CSF is around 7.325
while cisternal CSF pH is somewhat higher (about 7.345).
The CSF is therefore 0.05 to 0.08 pH units more acid than
arterial plasma, and since jugular venous blood pH has
been found to be 0.05 to 0.08 units lower than the arterial
pH [28, 30, 33—35], it follows that CSF and cerebral venous
blood have about the same acidity. It should be emphasized
that although we tentatively conclude that the values in
Table 3 represent the correct acid-base parameters of CSF,
all other published values are probably consistent internally
and therefore allow meaningful comparisons between con-
trol and experimental groups.
The values in Table 3 indicate that the acid-base composi-
tion of cisternal and lumbar CSF differs somewhat.
Bradley and Semple [29] originally concluded that the
Pco2' [HCOJ and pH were the same in the two fluids.
However, their observations were based on only four
subjects, and the meticulous measurements of van Heijst,
Maas, and Visser [32] in a larger group of subjects show
that although the HCO concentrations are the same, a
2.5 mm Hg difference in P02 will make lumbar CSF about
0.02 pH units more acid than cisternal CSF. These differ-
Table 2 Normal acid-base parameters of lumbar CSF in clinical control cases
N
Pco2 [HCO] pH Source
CSF Diff. Art. CSF Diff. Art. CSF Diff.Art.
12 39.7 43.7 +4.0 20.8 23.3 +2.5 7.39 7.31 —0.08 Merril et al, 1961
4 43 51 +8 22.8 25.6 +2.6 7.36 7.34 —0.02 Merwarthetal, 1961
12 40.6 47.6 +7.0 24.8 24.7 —0.1 7.413 7.345 —0.068 Lyons and Huang, 1961
23 41.1 50.5 +9.4 25.3 23.3 —2.0 7.397 7.307 —0.090 Bradley and Semple, 1962
15 42 49 +7 25.0 23.9 —1.1 7.40 7.34 —0.06 Manfredi, 1962
10 35.4 45.1 +9.7 22.6 22.5 —0.1 7.422 7.339 —0.083 Pauli et al, 1962
12 38.0 46.5 +8.5 22.8 22.0 —0.8 7.40 7.31 —0.09 BUhlmannetal, 1963
8 38.3 45.3 +7.0 23.7 23.2 —0.5 7.41 7.34 —0.07 Fisher and Christiansen, 1963
4 40.1 49.4 +9.3 25.9 24.7 —1.2 7.424 7.328 —0.096 Severinghaus etal, 1963
12 39.5 50.2 + 10.7 24.8 21.5 —3.1 7.409 7.326 —0.083 Mitchell et al, 1965
35 38.3 47.9 +9.6 22.9 23.4 +0.5 7.414 7.311 —0.103 Posneretal, 1965
13 40.5 49.1 + 8.6 24.3 24.9 +0.6 7.397 7.325 —0.072 van Heijst et al, 1966
Table 3. Comparison of acid-base data in lumbar (L) and cisternal (C) CSF of human control cases
N S
[HCO3J pH Source
Art. CSF Diff. Art. CSF Diff. Art. CSF Diff.
12 L 39.5 50.2 + 10.7 24.8 25.1 +0.3 7.409 7.326 —0.083 Mitchell et al, 1965
13 L 40.5 49.1 +8.6 24.3 24.9 +0.6 7.397 7.325 —0.072 van Heijst et al, 1966
15 C 37.5 45.2 +7.7 24.9 23.6 —1.3 7.424 7.349 —0,075 Schwab, 1962
13 C 40.5 46.5 +6.0 24.3 24.9 +0.6 7.397 7.346 —0.051 van Heijstetal, 1966
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ences were obtained under steady state conditions. In a
non-steady state, even larger differences may be obtained
[36, 37], and it must therefore be born in mind that a
recorded pH change in lumbar CSF may bear an uncertain
relation to the pH of extracellular fluid in the brain.
The relationship between the CSF and cerebral venous
CO2 tensions is controversial. In six subjects, Bradley and
Semple [29] found similar CO2 tensions in lumbar CSF and
internal jugular blood. The authors concluded that the
CSF CO2 tension is identical to that in cerebral venous
blood, and this conclusion was corroborated by measure-
ments of CSF-arterial P02 differences in unanesthetized
goats by Pappenheimer et al [1] (see also Fend et a! [3]).
At an arterial P02 of about 40 mm Hg these authors found
a Pco2 difference of 8.9 mm Fig between CSF and arterial
blood [3], and since measurements in humans have shown
that the jugular blood P02 is about 10 mm Hg higher than
the arterial Pc02 [33—35, 38], they concluded that cisternal
CSF has the same CO2 tension as cerebral venous blood.
However, theoretical considerations (Fig. 3) suggest that
the mean tissue CO2 tension, and therefore also the CSF
CO2 tension, should be about one mm Hg higher than the
arithmetic mean of the arterial and the cerebral venous
CO2 tensions [40]. Direct and simultaneous P02 measure-
ments in arterial blood, superior sagittal sinus blood, and
cisternal CSF have shown that this relationship holds in
cats, rats and dogs ([40, 41], and Pontén, personal commu-
nication). With the arteriovenous P02 difference existing
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Fig. 3. Diagram showing the mean tissue and CSF CO2 tension
which can be derived from a simple cylindrical diffusion mode/for
the tissue. If it is assumed that CO2 production is uniform
within the tissue and that CO2 diffuses radially into the capillary
it can be predicted that the mean capillary CO2 tension should
be close to the arithmetic mean of the arterial and venous CO2
tensions, while the mean tissue (and CSF) CO2 tension should
he about 1 mm Hg higher 139, 401.
in man (about 10 mm Hg, see above), we would thus
predict that the P02 of cisternal CSF should be about six
mm Hg higher than the arterial P02. This is the exact
relationship found by van Heijst et a! [32], and it is not far
from that measured by Schwab [23]. Available evidence
therefore indicates strongly that the cisternal CSF CO2
tension is only slightly higher than the arithmetic mean of
the arterial and the cerebral venous CO2 tensions, and that
it is significantly lower than the cerebral venous P02.
However, this relationship does not hold if lumbar CSF is
used for analyses, and since the relationship between the
P02 in lumbar CSF and the venous P02 in that region is
not known, it does not seem warranted to correlate the
Pco2 of lumbar CSF to the cerebral venous P02.
When acid-base parameters are measured in bulk CSF it
is usually assumed that they are representative of the
corresponding parameters in cerebral extracellular fluid
(ECF). Measurements on the central nervous system of the
avascular leech have shown free diffusion of Na+, K+ and
sucrose through the intercellular channels [42], and in the
mammalian brain Rall, Oppelt, and Patlak [43] have de-
monstrated that inulin penetrates the tissue at a speed
compatible with free diffusion in the extracellular fluid.
Such results indicate that ions like l-l and HCO can move
freely between bulk CSF and the intercellular channels.
The elegant experiments of Fend et al [3] seem to establish
that the CSF and ECF H and HCO concentrations are
equal under steady state conditions. These authors per-
fused the ventricular system of conscious goats with so-
lutions of varying HCO concentrations, and measured the
net HCO exchanges between the perfusion fluids and the
tissue. In normal animals, as well as in animals with chronic
non-respiratory acidosis and alkalosis, they found zero net
HCO flux when the perfusion fluid had the same HCO
concentration as that of native CSF in the various chronic
acid-base conditions (Fig. 4). The results demonstrate that
in the steady state, [Hf] and [HCO] are the same in bulk
CSF and ECF. However, it is probably safe to conclude
that this equality does not exist in non-steady state con-
ditions (see below).
Knowing the ECF acid-base composition, as well as the
acid-base parameters in arterial and cerebral venous blood,
we may compare acid-base parameters in ECF and in
capillary plasma water. Table 4 lists the acid-base para-
meters in arterial blood and cisternal CSF reported by van
Heijst Ct al [32] together with the values derived for venous
blood and mean capillary plasma. The venous values were
obtained by assuming an arteriovenous Pc02 difference of
10 mm Hg, and a corresponding pH difference of 0.06
units, It was further assumed that the mean capillary CO2
tension and the mean capillary pH are the arithmetic means
of the corresponding arterial and cerebral venous values;
the mean capillary plasma HCO concentration was cal-
culated from the assumed P.02 and pH (all HCO con-
centrations are expressed in mEq/kg of plasma water, the
latter being considered to occupy 92.5% of the plasma
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Fig. 4. Transependyinal flux of HCO as a function of concen-
iration differences between perfusion fluid and HCO concen-
tration occurring in native CSF in normal goats, as well as in
chronically acidotic and alkalotic animals. Note that there is no
transependymal flux of HCO at zero concentration difference
between perfusate and native CSF. Reproduced by permission
from Fend et al [3].
Table 4. Comparison of acid-base parameters in arterial and
venous plasma, mean capillary plasma and cisternal CSFa
Compartment Po2 [HCO] pH
Art, plasma 40.5 26.3 7.397
Ven. plasma 50.5 28.4 7.337
Mean cap. plasma 45.5 27,4 7.367
Cist. CSF 46.5 24.7 7.346
a The arterial plasma and the CSF values were taken from
v. Heijst et al (1966), while the venous and mean capillary
plasma values were calculated as described in the text. The
HCO concentrations are expressed per kg of plasma water.
volume). The calculation shows that the HCO concentra-
tion of brain ECF is about 2.5 mEq/liter lower than the
corresponding HCO concentration in plasma water, and
this difference in [HCO1 is responsible for a 0.02 difference
in pH. The ratio between the HCO concentrations in CSF
and plasma water is 0.90 and, as we will see, such a ratio
is informative when discussing the mechanisms which
determine the distribution of H and HCO between CSF
and plasma.
Mechanisms determining the normal steady state distribution
of H + and HCO between CSF and plasma
The CSF, which is mainly or exclusively secreted by the
choroid plexus, has a turnover of only about 0.5% per
minute [IS, 44]. So, irrespective of the HCO concentration
of the primary CSF secretion, there is ample time for H+
+6 - HCO
Net flux, smoIes/min
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and HCO of the CSF and ECF to exchange with blood
and tissue. The HCO concentration of the primary CSF
• / x secretion has not been determined directly, but Ames,
X Sakanone, and Endo [45] calculated on the basis of charge
balance that the newly formed CSF had a HCO concentra-
X. A A tion about 7 mEq/liter higher than that of an ultrafiltrate
of plasma. Their conclusion is in keeping with the finding
of Maren [46], who suggested that HCO, and not H1, is
secreted by the cells of the choroid plexus. These findings
indicate that the steady state HCO concentration of bulk
CSF and ECF is lower than that of the primary CSF se-
cretion, and that the secondary acidification is due to the
exchange of H or HCO with blood or tissue.
The simple comparison between CSF and capillary
plasma water, which shows a 2.7 mEq/liter difference in the
HCO concentration, gives a measure of the relative
acidity of the ECF. If the comparison is made to plasma
ultrafiltrate, the relative CSF acidosis is even more apparent.
However, since the CSF is not electrically neutral to plasma
the most relevant evaluation of the distribution of H and
HCO between CSF and plasma is obtained if the electro-
chemical potential differences for these ions are derived.
CSF-plasma potential differences. The presence of a net
electrical potential difference between CSF and extra-
cerebral structures was reported by Loeschcke [47, 48] and
by Tschirgi and Taylor [49]. The latter authors also observed
that the potential varied inversely with the plasma pH.
The quantitative relationship between the plasma pH and
the CSF-plasma potential difference (PD) was worked out
by Held, Fend, and Pappenheimer [50] on dogs and goats.
The results obtained by these authors may be summarized
as follows: 1) at a plasma pH of 7.4, CSF is four to six my
positive to blood; 2) in respiratory acid-base changes, the
PD varies inversely with the plasma pH with a slope of
—32 mv/pH unit; 3) in non-respiratory acidosis and al-
kalosis, the relationship is similar but the slope is slightly
higher (—43 mv/pH unit); 4) the PD is not influenced by
changes in plasma [K] or in CSF [Hi] but varies some-
what with CSF [K].
It has later been confirmed in dogs and in rats that
respiratory acid-base changes are accompanied by PD
shifts with a slope of about —30 mv/pH unit [51, 52, 53],
and it has also been confirmed that changes in the ECF pH
do not affect the PD [52]. Kjallquist [51] originally reported
a nonlinear relationship between plasma pH and the PD,
but Kjallquist's data can be resolved in a slope of —30 mv/
pH unit for respiratory acid-base changes and a slope of
about —40 mv/pH unit for combined respiratory and non-
respiratory acid-base changes [see 53]. This seems to provide
the only confirmation of the finding, reported by Held
et al [50], of a larger PD/LI pH change during non-
respiratory acid-base changes. Later results have shown
that changes in plasma [K] affect the PD and that the
effect varies with the plasma p1-I [54].
Provided that H + and HCO can diffuse across the
blood-CSF barrier, the presence of a net CSF-plasma PD
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ought to influence the distribution of the ions between
the two phases. At steady state, and assuming passive
distribution, the relations should be given by the Nernst
equation
w =ôl.S(pHCsF— pH)
ig=61.5 log [HCO1CsF
[HCO3]51
where ig is the CSF-plasma PD. Assuming a mean capillary
plasma pH of 7.37, a [HCO] of 27.4 mEq/kg H20, and a
PD of + 5 my, we may calculate that passive distribution
of H and HCO would require a steady state CSF pH
of 7.45 and a CSF [HCO] of 33 mEq/liter. A comparison
with the CSF parameters actually measured (Table 3)
demonstrates that H4 and HCO are out of equilibrium,
i.e., they are not passively distributed in the electrical field
between CSF and plasma. The degree of disequilibrium
may be illustrated by stating that the CSF HCO con-
centration is five to six mEq/liter lower than that required
by a passive distribution. Another quantitative expression
for the degree of disequilibrium is obtained if one calculates
the electrochemical potential differences (zIt) for the ions
according to the equations
H615 log (pHi—pHcsF)+w
(HCO)CSF4ji03=6l.5log HCO-3/pl
Calculations by several authors have shown zlt.i'S in the
range of two to ten my [11, 50, 51, 55—57].
Since the CSF is electrically positive to plasma, and since
it has a higher H+ concentration, the net electrochemical
force (Al.i) will be made up of both an electrical and a
chemical force which tend to drive H+ from CSF to plasma
(Fig. 5). At steady state, another mechanism must therefore
continuously acidify the ECF phase. The rate of acidification
is not known since this is determined by the rate of passive
diffusion of H from CSF to plasma, and therefore by the
unknown permeability of the blood-CSF barrier to Htm
61.5 (pH5 —pH,)
H
'p
H
Fig. 5. Schematic diagram showing that there is an electrochemical
gradient proportional to the pH difference and to the CSF-plas,na
PD which favors passive flux of H + from CSF to blood plasma.
At steady state this passive flux must be balanced by an equally
large influx of H to CSF. This latter flux can either be due to
active transport of H from blood plasma to CSF (A) or to
an outflux of acid from the tissue (B).
(or to HCO). There are two possible mechanisms which
may be responsible for the excess acidity of the CSF, viz.,
an active transport of H+/HCO, or a H+ source in the
tissue. Many workers have concluded that there is an ion
pump which continuously transports HCO from CSF to
plasma, or H from plasma to CSF [1—3, 11, 23]. The dis-
equilibrium for H and HCO can theoretically be caused
by a transport mechanism which primarily moves another
ion, and which leads to coupled transport of H or HCO,
but it has usually been assumed that the transport mecha-
nism is specific for H or HCO and that it is responsible
for the homeostatic regulation of the CSF pH. However,
the disequilibrium for H and HCO may also be due to
a continuous outfiux of acid from the tissue cells [12], and
the CSF pH would then be set by the balance between rate
of inflow of acid from the tissue and the rate of outflux of
H from CSF to plasma along the electrochemical gradient.
Net acidification of brain ECF could possibly be caused by
nonionic diffusion of lactic acid (or pyruvic acid) across the
cell membranes along a suitable concentration and/or pH
gradient. However, since the deficit of HCO in the CSF
is not covered by a corresponding excess of lactate, such a
mechanism can only explain the electrochemical disequi-
librium for H and HCO if the lactate anions move from
CSF to blood without a corresponding amount of H+ ions
[12, 56]. It should be noted that if this mechanism causes
the net AJIH* and LMHCO3 a regulatory mechanism other
than active transport of H+ must be made responsible for
the CSF pH homeostasis (see below).
Regulation of CSF pH in non-respiratory and respiratory
acid-base disturbances
Ten years ago it was reported that in patients with
plasma acidosis due to renal insufficiency, or plasma al-
kalosis due to NaHCO3 ingestion, the CSF pH was close
to normal [23, 24, 29, 58, 59]. These original observations,
which indicated the presence of specific mechanisms re-
gulating the CSF pH, were later confirmed and CSF acid-
base data have now been collected in a variety of acid-base
disorders [2, 14, 60, 61]. In the following discussion, we
will briefly review some of the basic findings in clinical and
experimental non-respiratory and respiratory acid-base
changes.
Non-respiratory acid-base disturbances. Fig. 6 summarizes
data collected in chronic non-respiratory acidosis and al-
kalosis. In order to facilitate comparisons, all arterial pH
values obtained under control conditions were corrected
to 7.40, and all corresponding CSF pH values were corrected
to 7.325. One markedly abberant CSF pH value (7.13) was
excluded from the data of Agrest, Roehr, and Ruiz-
Guiñazu [58], and since all other values for non-respiratory
acidosis were derived from patients with renal insufficiency,
the values relating to other acidotic conditions in the
material of Posner, Swanson, and Plum [60] were also
excluded. The values for non-respiratory alkalosis relate to
(8)
(9)
(10)
(11)
A B
Blood
plasma CSF
Blood
plasma CSF Tissue
61.5 (pH,— pHSf)
Active H * transport Efflux of H + from cells
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7.
V
arterial pH
Fig. 6. Relation between arterial pH and CSF pH in chronic
nonrespiratory acidosis and alkalosis. The symbols denote the
mean values for the following clinical materials: a Bradley and
Semple [29], a Schwab [23], q Agrest et al [58], a Pauli et al [59],
a Bühlmann et al [24], x Posner et al [60], . Mitchell et al [2].
bicarbonate ingestion [29], to aldosterone-secreting tumors
and chronic NaHCO3 ingestion [2], and to three patients
with liver disease [60].
The data in Fig. 6 clearly show that despite marked and
chronic changes of plasma pH, the associated changes of
CSF pH were very small. The only significant deviation
from normal occurred in the grossly acidotic group of
Bühlmann, Scheitlin, and Rossier [24], and in the alkalotic
patients of Posner et al ([60], c. f., the single patient with
pulmonary carcinoma). However, liver disease, which is
often associated with changes in brain function and meta-
bolism, may not represent pure metabolic alkalosis.
Although the results in Fig. 6 reveal a considerable degree
of CSF pH homeostasis, they offer no clear indication of the
direction of change in CSF pH. Since this question is
critical to an understanding of the cause of hyperventilation
during non-respiratory acidosis, considerable attention
should be paid to the results of animal experiments. In the
ingenious and careful experiments of Fend et al [3],
conscious goats were made chronically acidotic or alkalotic,
and acid-base parameters were measured in arterial blood
and cisternal CSF. Their results, which are summarized in
Fig. 7, demonstrate that although there was considerable
regulation of the CSF pH in acidosis and alkalosis, there
occurred small but significant changes of the CSF pH in
the same direction as those in blood. The authors empha-
sized the difficulty of measuring the CSF pH accurately,
and when they recalculated the pH values in Fig. 6 from
reported CO2 contents and CO2 tensions, they could show
that the clinical data were consistent with their own ex-
perimental results. The results of Fend et a! [3] have been
completely confirmed in rats [62] but a recent series of
measurements in chronically acidotic and alkalotic dogs
have given somewhat different results [63]. In this latter
series, non-respiratory acidosis was unassociated with
significant changes in the CSF pH while a significant in-
crease of CSF pH was observed in chronic alkalosis. How-
ever, since the CSF samplisig in the experiments of Chazan
et al [63] necessitated short-lasting barbiturate anesthesia
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Fig. 7. CSF HCO concentration, arterial and CSF PCO2, and
CSFpH plotted against arterial HCO1 in goats made chronically
acidotic or alkalotic by administration of NJ-I4Cl or 1'/aHCO3.
Reproduced by permission from Fend et al [3]. Note small but
significant changes in the CSF pH in acidosis and alkalosis.
(also see the difference of 0.03 in the control values for
CSF pH in the acidotic and alkalotic groups), we feel in-
clined to conclude from the available evidence that the CSF
pH varies slightly with the plasma pH in both non-respir-
atory acidosis and alkalosis.
Respiratory acid-base disturbances. Fig. 8 illustrates the
observed pH changes in arterial plasma and CSF during
chronic respiratory acid-base changes. Most of the data for
respiratory acidosis were obtained in patients with pul-
monary insufficiency due to lung or heart diseases; hyper-
ventilation was of varying cause (liver disease, salicylism,
pregnancy, pulmonary disease, exposure to high altitude).
The data indicate that the CSF pH is well-regulated in
patients classified as having respiratory alkalosis (c. f., [11]),
but that it is poorly regulated in respiratory acidosis. In
fact, in most of the reported hypercapnic groups, the CSF
pH change was equal to, or even larger than, the decrease
in the plasma pH.
The very low CSF pH values in many of the clinical
instances of hypercapnia suggest that other factors, such as
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panied by CSF pH shifts which are either identical to, or
even slightly lower than, the corresponding changes in
plasma pH [57, 64]. We may therefore conclude that
chronic hypercapnia in patients often reflects a mixed
disturbance, and that the increased CO2 tension is only one
aspect of this disturbance.
Mechanisms of regulation
Before discussing in detail the mechanisms which may be
responsible for the remarkable degree of CSF pH homeosta-
sis in patients and experimental animals, it should be
emphasized that the regulation of CSF pH is probably due,
at least to a large extent, to mechanisms which regulate the
pH in all of the body fluids. These mechanisms are the
compensatory variations in pulmonary ventilation and the
renal reabsorption of bicarbonate which regulate the CO2
tension and the plasma HCO concentration, respectively.
We can define our terms by briefly considering the events
which occur during respiratory and non-respiratory aci-
dosis, respectively. If, for example, 5 % CO2 is administered
to an artificially ventilated individual, the plasma CO2
tension will increase by about 35 mm Hg. In the spon-
taneously breathing individual, the hypercapnia induces
increased ventilation and the ventilatory response is nor-
mally so efficient that the plasma CO2 tension increases by
only a few mm Hg. II we consider inhaled CO2 as the pri-
mary acid-base load, most of the regulation of pH in the
body fluids is therefore due to the chemoreceptors govern-
ing pulmonary gas exchange. On the other hand, if we choose
to consider the increase in the plasma CO2 tension as the
primary acid-base change, any increase in the CSF HCO
concentration might be called "regulatory". However,
hypercapnia is usually accompanied by a gradual increase
in the plasma HCO concentration due to increased renal
reabsorption of HCO, and if the increase in the CSF
HCO concentration parallels the increase in plasma
[HCO], it entails no specific mechanisms in regulating the
CSF pH. Thus, we are entitled to speak of CSF-specific
regulatory mechanisms only if the CSF HCO concen-
tration increases more rapidly than, or in excess of, the
plasma HCO concentration.
In non-respiratory acidosis we can define the primary
acid-base disturbance in terms of the decrease in the plasma
HCO concentration. The main mechanism which normally
prevents a large fall in the pH of extracellular fluids is
compensatory hyperventilation, and it is only when con-
sidering the remaining acid shift in plasma pH that we can
discuss mechanisms that regulate the CSF pH. If the de-
crease in the plasma HCO concentration is followed by an
equally large decrease in the CSF [HCO], the pH shifts
will be similar in plasma and CSF, and there is no obvious
regulation of the CSF pH. On the other hand, CSF-specific
pH regulation is indicated if the CSF HCO concentration
falls less than the plasma [HCO1.
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Fig. 8. Relation between arterial pH and CSF pH in chronic
respiratory acidosis and alkalosis. The symbols denote the mean
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hypoxia, were present. This assumption is corroborated by
the fact that experimental hypercapnia is associated with a
much better regulation of the CSF pH. As shown in Fig. 9,
chronic hypercapnia in experimental animals is accom-
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Fig. 9. Changes in CSF iHCO and CSF pH (closed circles)
during sustained hypercapnia in rats as related to the corresponding
plasma parameters (open circles). Reproduced by permission
from Acta Physiot. Scand. [57].
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The regulation of ventilation. The renal mechanisms which
regulate the tubular reabsorption of HCO in response to
a change in P02 are described by others in this symposium,
but since the chenioreceptor mechanisms which determine
lung ventilation are not discussed elsewhere a brief account
is given here. Leusen [65, 661 made the important obser-
vation that pulmonary ventilation was increased when the
cerebral ventricles were perfused with solutions high in
Pc02 or low in [HCO]. These observations were confirmed
by Loeschcke, Koepchen, and Gertz [67], and it was sub-
sequently reported by Mitchell et at [68] that there are
superficial chemoreceptor structures on the ventrolateral
surface of the medulla which respond to changes in ECF
pH. All of these observations were obtained on anesthetized
animals, and relatively large changes in [Hi] were required
to induce alterations in ventilation. In the subsequent
studies of Pappenheimer et a! [1, 3] (see also Fend et a!
[101), the relation between CSF pH and ventilation was
studied in conscious goats during ventriculocisternal per-
fusion. In this experimental model, the sensitivity of ven-
tilation to changes in CSF pH was two- to seven-fold
greater than that reported for anesthetized animals [1].
However, when the CSF pH was varied by either CO2
inhalation or by perfusion with solutions of differing HCO
concentrations, they found that the lung ventilation was not
a single function of the CSF pH, and they therefore con-
sidered it unlikely that the H-sensitive receptors were
superficially situated. The authors reasoned that whereas a
change in the CO2 tension will give a uniform pH shift in
the entire ECF, a change in the HCO concentration of the
perfusion fluid will set up a diffusion gradient of HCO
between the bulk cavity fluid and the ECF immediately
adjacent to the cerebral capillaries (which were considered
to house a [HCO]-reguIating transport mechanism). By
calculation, the authors could show that ventilation became
a single linear function of pH in extracellular fluid provided
the pH was referred to a point located three-fourths of the
distance along the concentration gradient of HCO between
CSF and blood [4]. In the later study [3], in which the yen-
tilatory responses to inhaled CO2 were studied in goats
during chronic acidosis and alkalosis, it was established
that the [H] of ECF exclusively determines resting venti-
lation, and that a unique and linear relationship also exists
between CSF pH and ventilation provided there are no
gradients of [Hf] or [HCO] between CSF and interstitial
fluid.
The results obtained by Pappenheimer and his collabo-
rators reveal a remarkable sensitivity of the central chemo-
receptors to [H+]. On the average, the ventilation increased
from 5 to 45 liters/mm for a pH change of 0.15 units, and
the entire ventilatory response between life-threatening
hypoventilation and maximal hyperventilation was ob-
tained with a 0.2 pH change [4]. The subsequent study
by Fend et al [10] in human volunteers showed an even
greater sensitivity, and the authors state that a venti-
latory increase from 3 to 30 liters/mm is elicited by a change
in the ECF pH of only 0.05 units. However, despite the fact
that the results obtained by this group of workers indicate
that the central H+sensitive receptors exclusively determine
ventilation, a modifying role of the peripheral chemorecep-
tors has not been excluded. This problem bears on the
phenomenon of the paradoxical CSF pH shifts observed in
acute non-respiratory acidosis and alkalosis [14, 69—71].
Mitchell et a! [2] interpreted the paradoxical pH shift during
e. g. metabolic acidosis as follows: when the plasma pH
falls, the peripheral chemoreceptors are stimulated and
hyperventilation ensues; since CO2 diffuses much faster
across the blood-CSF barrier than do H and HCO, the
hyperventilation will induce a respiratory alkalosis in the
brain ECF which is only slowly corrected by means of the
active transport of HCO from CSF to blood. The explana-
tion of Pappenheimer et al [3, 4] differs in that they assume
that the plasma acidosis quickly leads to a fall of ECF pH
in the narrow interstitial channels and that the hyperventi-
lation is elicited centrally, i. e., by the ECF acidosis.
According to this view, a paradoxical pH shift only occurs
in the large cavity CSF which exchanges HCO with blood
much slower than with ECF. The theory also requires that
continuous hyperventilation during chronic metabolic
acidosis is associated with a CSF pH which is on the acid
side of normal (c. f., [72]). The sensitivity of the [H]
receptors seems to be so great that the small CSF pH shifts
that are observed in chronic non-respiratory acidosis may
well provide the stimulus for continuing hyperventilation.
Specific mechanisms regulating the CSF pH. Accepting
that any CSF pH regulation observed in chronic respiratory
and non-respiratory acid-base disturbances may be largely
due to compensatory renal and ventilatory adjustments, re-
spectively, we may now discuss the CSF-specific mecha-
nisms. There are two such mechanisms: 1) changes in the
cerebral blood flow and thereby in the P02 difference
between CSF and arterial blood, and 2) changes in the
HCO ratio between CSF and plasma water.
1. Changes in cerebral blood flow. It is well known that
cerebral blood flow varies directly with the arterial CO2
tension [33, 73] and that, provided the cerebral metabolic
rate for CO2 remains unaltered, hypercapnia or hypocapnia
will be associated with decreased or increased arterio-
venous and CSF-arterial Pco2 differences, respectively, it
has been proposed that the variation in flow is not caused
by molecular CO2 per Se, but by the induced changes in
ECF [Hf] [5—7]. In a recent study in man, Fend et a! [10]
showed an excellent correlation between the CSF [H+] and
the calculated cerebral blood flow (Fig. 10). Since the
largest changes in ECF [Hj are usually obtained in hyper-
capnia and hypocapnia, it is to be expected that such con-
ditions should be accompanied by the most pronounced
alterations in CSF-arterial P02 differences. However, since
small but significant changes in CSF pH probably occur
in non-respiratory acid-base disturbances as well [3, 10],
changes in cerebral blood flow may also contribute some-
what to CSF pH homeostasis in these conditions.
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Fig. 10. Relationship between the calculated CSF pH and the
cerebral blood flow index obtained in human volunteers during
normal acid-base concentrations, as well as during chronic acidosis
and alkalosis. Reproduced by permission from Fend et at [10].
There are experimental as welt as clinical results which
show that the arteriovenous P02 difference in the brain can
decrease to five or six mm Hg during hypercapnia, and in-
crease to 12 to 15 mm Hg during hyperventilation [10, 28,
30, 33, 40, 57, 60, 74]. However, on critical examination of
the data collected during chronic respiratory acidosis and
alkalosis, changes in the CSF-arteriat P02 difference are
small and generally inconsistent [2], and an increased CSF-
arterial P02 difference apparently contributes to CSF
acidosis in several hypercapneic groups [24, 75]. This may
be due to the fact that clinical hypercapnia is often asso-
ciated with cardiovascular diseases in which the cerebral
blood flow is impaired. In non-respiratory acid-base distur-
bances "purposeful" changes in the CSF-arterial P02
differences have been reported [2, 24, 29, 58, 60] but the
effects are small and quantitatively of little importance [3].
We must therefore conclude that although changes in
cerebral blood flow induce "regulatory" variations in the
CSF CO2 tension during acute hyper- and hypocapnia, the
mechanism is of little importance in most chronic acid-base
disorders.
2. Changes in the HCO ratio between CSF and plasma.
It follows from the discussion above that regulation of the
CSF pH occurs mainly through a change in the HCO
ratio between CSF and plasma. As mentioned, this ratio is
about 0.90 in the normal acid-base state. In non-respiratory
acidosis, the ratio increases continuously with the fall in
plasma [HCO], and it increases in a corresponding way in
metabolic alkalosis. The change in ratio is such that when
the plasma [HCO] changes by 10 mEq/liter in the chronic
state, the CSF HCO concentration only changes by 3.5
to 4 mEq/liter [2, 3, 10, 62, 76]. The pronounced regulation
of CSF pH in chronic non-respiratory acid-base distur-
bances can thus be ascribed to the fact that a change in
plasma [HCO], even if chronic, is not passively reflected
in the CSF.
It has not yet been resolved whether or not the homeo-
static regulation of the CSF HCO concentration depends
upon the active transport of H+ and HCO across the
bounderies which separate the CSF from plasma. As
mentioned, many workers have suggested that such a
transport mechanism exists, and that it purposefully regu-
lates CSF [H]. Some have assumed that the hypothetical
ion pump is triggered by the CSF pH [2, 11], while others
have suggested that it is set by the plasma [HCO] or pH
[3]. The arguments in favor of a H/HCO pump are 1) the
presence of a net At for these ions between CSF and plasma
in the normal acid-base state, and 2) the mere fact that
regulatory changes in the HCO ratio do occur during
chronic metabolic acid-base changes. The first of these
arguments is rather weak since [H+] disequilibrium could
well be due to a continuous outftux of acid from the tissue
cells [121. The experiments of Mines and Sorensen [55]
support the assumption that acid production by the tissue
may contribute to [H] disequilibrium. These workers in-
duced hypoxemia in dogs at constant plasma [H+] and
Pco2 and their calculations indicate that the At+ rises
significantly due to increased lactic acid production by the
tissue, i. e., the acid influx into the CSF exaggerates the
relative acidosis of the CSF in comparison to plasma.
Since the presence of a net LIPH. of five to ten my cannot
by itself prove the existance of an ion pump which regulates
the CSF pH, we must scrutinize the relation between the
AM and the regulatory changes in the HCO ratio. We can
use the following qualitative arguments: if the pump nor-
mally secretes H from plasma to CSF (or HCO in the
reverse direction), the observed Al.IH* should be grossly
proportional to the secretory rate. In metabolic acidosis,
H+ tends to move passively from plasma to CSF and, if
this triggers a purposeful decrease in the rate of active H+
transport in the same direction, we should expect AM11+
to fall. In fact, there are no a priori reasons why AMH
should not decrease to zero, or even reverse its sign. Like-
wise, when alkalosis threatens the ECF, a pH-regulating
pump might be expected to increase its activity, and thereby
cause an increased [H+] disequilibrium (increased AJ.iH+).
It is therefore essential to our discussion that we derive
Aji11+ (or AM11c03) values for chronic acid-base conditions.
Kjallquist and Siesjö [77] and Kjallquist [51] measured both
CSF and plasma acid-base parameters, and CSF-plasma
potential differences, thus allowing calculations of AIiH*
in sustained respiratory acidosis, and in metabolic acidosis
and alkalosis. The results of the calculations showed very
small although "purposeful" changes of Ati in meta-
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bolic acidosis and alkalosis, but "unpurposelul" increases
of AJiH* in respiratory acidosis. Although the normally
existent net value for 4.tH may very well be caused by
active transport of H+ from plasma to CSF, these results
led us to conclude that this transport has very little to do
with the homeostatic regulation of CSF pH in metabolic
acidosis and alkalosis, and that it would tend to exaggerate
the CSF acidosis in hypercapnia. The latter effect may have
been overemphasized, since subsequent experiments have
shown that the calculated LljiH+ reverts to normal in
chronic hypercapnia [57]; nevertheless, the fact remains that
AiH* does not decrease as an expression of a regulatory
change of H+ or HCO secretion during hypercapnia.
Since it has been shown that the CSF-plasma PD not
only varies acutely with the plasma pH (see above) but that
it also remains altered in the chronic state as long as there
is a net change in plasma pH [51, 53, 77, 78], it is possible
to use published values for pH and [HCOfl in plasma and
CSF, and established relations between plasma pH and
the CSF-plasma PD, to derive values for AiH* and
4HCO3 in chronic acid-base disturbances. This was done
by Mines, Morrill, and Sørensen [56] who concluded that
moderate and "purposeful" variations occurred in LllH+
during metabolic acidosis and alkalosis, while the changes
in zJ.tH were "unpurposeful" during respiratory acidosis.
If one uses the APD/4pH ratio of —42.3 my for metabolic
acid-base changes (the ratio actually reported by Held et al
[50]), the changes in Aji+ during metabolic acidosis and
alkalosis are actually smaller than those given by Mines
et al [56]. When using the higher slope of —42.3m v/pH
unit instead of the "respiratory" one (about 30m v/pH
unit), these authors also found a very small decrease in
Ap+ during metabolic acidosis in their own experiments.
Finally, if one calculates AJJH+ values from the experi-
ments of Fend et al ([3], Table 2) using the authors' own
potential measurements [50], one finds values of about 8.5,
11, and 11 for acidotic, normal, and alkalotic animals,
respectively.
Admittedly, the assumptions underlying the calculation
of Aj.t values from data in literature are rather sweeping, but
the arguments have been carried at some length since they
show that there is a very weak thermodynamic basis for
assuming an active transport regulation of the CSF pH.
The calculations do in fact suggest that the changes in the
CSF-plasma PD may contribute to the regulatory altera-
tions of the HCO ratio between CSF and plasma [12],
and that if this is so there is not much need to invoke active
H+ transport as an explanation for the relative constancy
of the CSF pH. However, although calculations of Ai
leave little support for active H transport, they do not in
themselves prove that the potential changes are instrumental
in regulating the distribution of H and HCO between
CSF and plasma, and there are indications that the distri-
bution may change in the absence of a potential change
[79]. In fact, the PD changes in a negative direction during
acute respiratory acidosis in cats and monkeys [80, 81] and,
provided that such PD shifts can be shown to be upheld in
the chronic state, passive regulation of the CSF pH seems
unlikely. Future research may well prove the existance of
a pH-regulating H transport between CSF and plasma, but
the proof must then be based on data other than those
presently available.
Before closing this discussion of mechanisms regulating
the CSF pH, we must point out specific problems that are
concerned with respiratory acidosis, hypoxia, and hyper-
ventilation. As mentioned, respiratory acidosis of the type
usually seen in patients is probably often complicated by
hypoxia or cardiovascular changes which secondarily affect
the CSF pH by causing decreased cerebral blood flow. In
such patients the CSF pH often decreases more than the
plasma pH, and it is our problem to explain the absence of
any regulation of the CSF pH. In view of our previous
discussion, it appears probable that an increased CSF-
arterial P02 difference (secondary to a fall in CBF) and/or
tissue hypoxia with increased acid production by the tissue
can explain the low CSF pH values obtained. As mentioned,
in experimental hypercapnia complicating factors such as
these are avoided, and chronic hypercapnia in animals is
associated with similar increases in [HCO] in plasma and
CSF [57, 64]. There are results showing that the CSF HCO
concentration increases in hypercapnia even if the plasma
[HCO] is held constant [79, 82], indicating either an
electrochemical drag due to the increased CSF-plasma PD,
active transport of HCO from plasma to CSF, or flux of
HCO from tissue cells to the ECF. However, neither of
these mechanisms seems able to increase the CSF [HCO]
above the plasma HCO concentration in the chronic
hypercapnic state, and "regulation" of the CSF pH in
chronic hypercapnia would therefore largely be that due to
the increased renal reabsorption of HCO. The absence of
a specific CSF pH-regulation in hypercapnia, which by
itself argues against the presence of a pH-regulating trans-
port mechanism triggered by the CSF pH, cannot be ex-
plained at the present time.
In clinical forms of hypoxia, the normal homeostatic
mechanisms are often disrupted, and gross abnormalities
of CSF acid-balance may occur. Such is the case in cerebral
ischemia, whether it is caused by low blood pressure or
increased intracranial pressure. Fig. 11 shows that when
cerebral blood flow decreases due to arterial hypotension,
the CSF-arterial P02 difference increases progressively
towards values of 15 to 20 mm Hg [83], thus corresponding
to arteriovenous Pc02 differences of 30 to 40 mm Hg. At
very low blood pressures, an increased production of lactic
acid by the brain is also observed, thus titrating HCO in
the ECF so that combined respiratory and non-respiratory
CSF acidosis may reach excessive levels. Hypoxic produc-
tion of lactic acid by the brain also occurs during hypoxemia
[35, 84] but compensatory hyperventilation in this condition
usually affords protection against an excessive fall in CSF
pH. A recent series of experiments in our laboratory [85]
give a good illustration of the ingenious mechanisms that
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Fig. 11. Pco2 difference between cisternal CSF and arterial blood
plotted against the mean arterial pressure. The blood pressure
was lowered by arterial bleeding for 10 to 15 mm in rats [83].
The open circles denote the normal relationship in normotensive
animals while the closed circles show the Po2 differences
measured in the hypotensive states. Reproduced by permission
from Acta Physiol. Scand.
are used by nature to control such parameters as the CSF
pH. We intended to study the influence of lactic acidosis
upon the CSF pH during hypoxemia, and therefore reduced
the Pa02 while maintaining ventilation constant. When the
Pa02 was successively reduced to values as low as 17 to 18
mm Hg for 30 mm, the CSF lactate concentration increased
from a normal value of 2.5 mEq/liter to values of 10 to
15 mEq/liter. The lactic acid appearing in the CSF titrated
the HCO according to a I 1 relationship. However, very
small changes in pH occurred since I) the arterial CO2 ten-
sion decreased in spite of constant ventilation (probably
due to a fall in body CO2 production) and 2) the P2-
difference between arterial blood and CSF decreased to-
wards zero, presumably as a result of the increase in cerebral
blood flow.
Primary clinical hypercapnia is relatively common and,
as mentioned, it is probably often complicated by hypoxia.
On the other hand, primary hyperventilation is presumably
a rare occurrance in clinical practice although that of
pregnancy and cardiac insufficiency is often classified as
such, as well as the hypoxic hyperpnea of high altitude [2].
When this is done, it is tacitly assumed that hypoxemia sti-
mulates the peripheral carotid body chemoreceptors, and
that the primary acid-base disturbance in the CSF is a
respiratory alkalosis. If this were so, any existent regulatory
mechanisms must accomplish a decrease in the CSF [HCO]
in order to preserve pH homeostasis [2, II]. However,
provided that e. g. cardiac insufficiency [75] leads to de-
creased cerebral blood flow and hypoxia-induced acid
production in the brain, the primary acid-base disturbance
in the CSF is a metabolic acidosis, and we may then look
upon the hyperventilation as a compensatory mechanism
rather than a primary acid-base disturbance. This problem
of interpretation has recently been discussed by Sørensen
and Milledge [72] in relation to high altitude hyperpnea.
The authors reasoned that since animals, surgically deprived
of their carotid chemoreceptors, nevertheless hyperventilate
when exposed chronically to hypoxia [86], the hyperventi-
lation may be elicited centrally from the acidosis caused by
anaerobic lactic acid production. In support of this con-
clusion, the authors recalled the exquisite sensitivity of the
central receptors to small changes in ECF pH [3, 10], and
their own measurements of CSF pH in Andean high-altitude
natives which indicated the presence of a CSF pH more
acid than normal.
The results and related arguments make one wonder if
the hypoxic hyperpnea in patients or high-altitude residents
really serve to illustrate the regulation of CSF pH in primary
hyperventilation. In fact, they may illustrate its regulation
in metabolic acidosis which just happens to occur on the
other side of the blood-brain barrier. It is also questionable
whether or not data from patients with liver disease or
salicylism [60, 87] can be used to illustrate CSF pH re-
gulation in primary hyperventilation, If so the data of
Schwab and Dammaschke ([87], group 1) and Posner et al
[60] would indicate that the CSF pH is poorly regulated in
the respiratory alkalosis of liver disease. Thus, in these two
studies, the change in CSF pH from normal was 78 and
63%, respectively, of the corresponding shifts in plasma
pH. However, it is more probable that the observed alkaline
shifts in the CSF were related to disturbed ammonia meta-
bolism, and it should be mentioned that experimental hy-
perammonemia gives rise to a relative CSF alkalosis ([88],
and Hindfelt, personal communication). Finally, if we
consider the interesting cases of salicylism reported by
Posner et al [60], we are still left with some doubt as to
whether or not they are representative of primary hyper-
ventilation. Thus, salicylates lead to an uncoupling of oxi-
dative phosphorylation [89] and thereby affect the meta-
bolism of tissues, and the hyperventilation of salicylism
could well be due to tissue acidosis.
The above analysis leads to the somewhat distressing
conclusion that we know very little about the regulation of
CSF pH during chronic hyperventilation. Experimental
hyperventilation has been shown to be accompanied by a
rapid fall in the CSF HCO concentration, and there is no
doubt but that an increased tissue production of lactic acid
is contributory [90-94]. However, for obvious reasons, the
hyperventilation experiments cannot illustrate the efficiency
of CSF pH regulation in the chronic state. If one looks
candidly at available experimental results [93, 95], they do
not indicate that the CSF pH is regulated as efficiently as in
non-respiratory acid-base shifts, and marked regulation of
the CSF pH during hyperventilation only seems tO occur
when there is a contributing hypoxic factor [93]. Thus, it
may well be that CSF pH homeostasis occurs only in acid-
base disorders of metabolic origin, i. e. when the buffer
base concentration has been changed on either side of the
blood-brain barrier.
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